There is no known glutamatergic innervation of globus pallidus (GP) in adult mammals, but we report that during postnatal development of the GP there are large, transient increases in both presynaptic high-affinity glutamate uptake and postsynaptic Na+-independent glutamate receptor binding. These glutamatergic markers increase rapidly in rat GP after birth and then decrease to adult levels over a period of weeks. A similar developmental pattern of pallidal glutamate binding was found in human brains. In contrast, binding in rat caudate-putamen (CPU) increases after birth, reaches a peak, and remains constant into adulthood.
The results suggest that a glutamatergic pathway transiently innervates the globus pallidus during the perinatal period. Because glutamate is an excitotoxin, this pathway may account, in part, for the basal ganglia damage seen in some forms of cerebral palsy after perinatal hypoxialischemia.
Although there is convincing anatomical and physiological evidence for the reorganization of neuronal processes and synapses in the central nervous system during the early postnatal period (Cowan, 1973; Purves and Lichtman, 1980; Stanfield, 1984) , little is known about the biochemical and pharmacological correlates of such phenomena. In particular, it is not known how specific neurotransmitter systems are involved in this developmental reorganization. It is likely that changes in the connectivity and regional distribution of various transmitter systems play a major role in the specific behaviors exhibited by animals at different maturational levels. It is also possible that developmental changes in neurochemical anatomy may determine the age-dependent selective vulnerability of regions of the CNS to various insults, such as hypoxia/ischemia (Meldrum, 1985) . Glutamate is the putative neurotransmitter of a variety of excitatory pathways in the CNS (Watkins and Evans, 198 1; Fagg and Foster, 1983; Fonnum, 1984) . In addition to its transmitter function, glutamate and some of its analogs have neurotoxic properties and can produce "excitotoxic" lesions reminiscent of human neurodegenerative disorders (Olney et al., 197 1; Fuxe et al., 1983; Olney, 1983) . Abnormally enhanced glutamatergic neurotransmission may be involved in the pathogenesis of chronic neurodegenerative diseases, such as Huntington's disease (Coyle and Schwartz, 1976; McGeer and McGeer, 1976) and olivopontocerebellar atrophy (Plaitakis et al., 1982) as well as the more acute neuronal death associated with status epilepticus (Schwartz and Meldrum, 1985; Sloviter and Dempster, 1985) , hypoxia/ischemia (Simon et al., 1984; Meldrum, 1985) , and hypoglycemia (Wieloch, 1985) . Thus, developmental changes in glutamatergic innervation may not only be important in the normal maturation of the CNS, but may also play a role in the selective vulnerability of certain brain regions to excitotoxic events. We have examined the development of both pre-and postsynaptic indices of the excitotoxic transmitter glutamate in the basal ganglia of rat and human brains. Some of this work has been published in abstract form (Greenamyre et al., 1984a) .
Materials and Methods
Tissue. Sprague-Dawley rats at various ages between postnatal day 1 (PND 1) and adulthood were decapitated and their brains were quickly removed, mounted on cryostat chucks with Lipshaw embedding matrix, and frozen under powdered dry ice. The mounted brains were equilibrated to -20°C and 20 pm coronal sections were cut and thaw-mounted onto gelatin-coated ("subbed") slides. Fifty micrometer coronal sections from 6 neurologically normal human adult brains (mean age f SEM = 56 * 7; range, 22-14) and 2 human infant brains (2 and 6 weeks of age) were also cut and mounted onto subbed slides. Mounted sections of rat brain were assayed for glutamate binding within 4 hr of cutting and sections of human brain were assayed within 24 hr. Prior to assay.
tissue was incubated for 30 min in a iarge volume of ice-cold 50 rn; Tris-HCl containing 2.5 mM CaCl, or 50 mM Tris-acetate without calcium (pH 7.2 at 2°C) in order to remove endogenous competitors. Previous studies have shown that glutamate that is bound to receptors dissociates with a T,,, of 0.4 min (Greenamyre et al., 1983) . After this incubation, the slides were dried under a stream of cool air. The buffer used in this "prewash" (Tris-HCl with CaCl, or Tris-acetate) was always the same as that used in subsequent binding assays and rinses, as described below.
Receptor autoradiography. A detailed description of the glutamatebinding assay has been published (Greenamyre et al., 1984b (Greenamyre et al., , 1985a After the incubation, sections were rinsed 3 times with ice-cold buffertwice with cold 2.5% glutaraldehyde in acetone in order to dry the slides rapidly and minimize uneven dissociation during drying-and then were blown dry under a stream of warm air. The elapsed time from the removal of the slides from the incubation medium until the tissue was dry was approximately 10 sec.
Human and rat tissue sections were also assayed for muscarinic cholinergic receptors, using 3H-quinuclidinyl benzilate (QNB); benzodiazepine receptors, using 'H-flunitrazepam; and GABA, receptors, using 3H-muscimol, as described previously (Penney and Young, 1982; Walker et al., 1984; Pan et al., 1985) .
Analysis of autorudio~r~ms. After the receptor assays, slides were placed.in x-ray cassettes with appropriate standards and exposed to Ultrofilm 3H (LKB) for 10 d (3H-flunitrazenam and 3H-QNB). 16 d ('Hglutamate and 14C-glutamate in rat tissuej, 21 d (3H-m&cimol), or 60 d ('H-glutamate in human tissue). Following exposure, the film was developed in D-19, fixed, and dried. A spot-densitometer (Dauth et al., 1984) was used to measure radioactivity in areas of interest on the autoradiograms, as described previously (Pan et al., 1983) . All binding data were obtained densitometrically from the autoradiograms. Quisqualate competition data were analyzed by an iterative curve-fitting program (Munson and Rodbard, 1980) . Glutamate uptake. Adult and PND 7 rats were decapitated and the brains quickly removed and placed in cold-buffered 0.32 M sucrose (pH 7.4). The brains were cut at 4°C into 1 mm slabs. One millimeter punches of tissue from globus pallidus (GP) and caudate-putamen (CPU) were obtained from the slabs, and right and left punches from each area in the individual animals were pooled and placed in 1 ml of cold-buffered 0.32 M sucrose. Punch sites were confirmed histologically in postfixed, stained sections of the tissue slabs. The tissue was gently homogenized and uptake was assayed as described previously (Young et al., 1974) . Under assay conditions, glutamate uptake was linear with tissue concentration and time, less than 10% of the substrate was accumulated, and uptake was predominantly into the synaptosomal fraction.
Results

Autoradiography of glutamate binding
In adult rats and humans there is a paucity of r?H-glutamate binding sites in GP, as compared with CPU ( Fig. 1 , A, C). However, in the rat pup at PND 7, glutamate binding in GP is equal to binding in CPU and is 3-fold higher than adult levels when binding is assayed in Tris-HCl containing 2.5 mM CaCl, (Figs. 1B; 2; 3, C, G). When glutamate binding was examined in the brains of 2 human infants (2 and 6 weeks of age), a similar phenomenon was discovered. GP binding exceeded CPU binding and was more than 4-fold higher than adult levels (Fig. 1D ).
The developmental time course of glutamate binding in rat GP and CPU was studied from PND 1 to adulthood (> 8 weeks old). The level of binding in GP at PND 1 was equal to that in GP of adult rats, while CPU binding at PND 1 was only about 30% of adult levels (Figs. 2, 3 ). In addition, binding in GP was equal to binding in CPU at PND 1. Between PND 1 and 7, binding in both nuclei increased rapidly in parallel. After PND 7, binding in CPU remained relatively constant at adult levels, but pallidal binding decreased over a period of weeks, reaching adult values after 4 weeks of age. Thus, pallidal glutamate binding transiently increased after birth and then decreased as the brain matured. Saturation analysis indicated that the decrease in pallidal binding during ontogenesis was the result of a decrease in the number of binding sites (Fig. 4) . The mean number of binding sites in PND 28 and PND 7 GP was 4.0 f 0.1 and 12.8 & 2.2 pmol/mg protein (p < 0.01; unpaired t test), respectively. Affinities of adult and PND 7 binding sites were 286 f 11 and 228 f 58 nM, respectively. The pattern ofbinding PNOI~ AGE l!l !8 Al Figure 2 . LJH-Glutamate binding in globuspallidus (GP) and striatum (CPU) in the developing rat brain. The concentration of 3H-glutamate was 280 nM, close to the K, of glutamate binding; the buffer-was Tris-HCI, with 2.5 mM CaCl,. Values represent specific binding + SEM (n = 3 in all cases except at PND 21, where n = 2). Binding in GP and CPU increases rapidly from PND I to PND 7. After PND 7, binding in CPU (striatum) remains relatively constant but pallidal binding (GP) decreases to adult levels over a period of weeks. Glutamate binding in GP was significantly different from that in CPU at PND 21 (p < O.ol), PND 28 (p < 0.0 l), and in adult rats (p < 0.05) by analysis of variance, using the Bonferroni inequality. In GP, binding at PND 3 (p < 0.01) PND 7 (p < O.Ol), and PND 14 (p < 0.01) was significantly different from adult bindine: in CPU. bindine at PND I CD < 0.01) and PND 3 (p < 0.0 1) was significantly different from adult binding, using Dunnett's t test.
of 14C-glutamate in GP and CPU of adult rats was similar to that of tritiated glutamate (Fig. 5) .
The heavy glutamate binding seen in GP when assayed in Tris-HCl containing 2.5 mM CaCl, was not present when binding was assayed in Tris-acetate (Fig. 6) . Thus, this pallidal binding site appears to be chloride-and/or calcium-dependent. N-Methyl-D-aspartate (NMDA) and 2-amino-7-phosphonoheptanoic acid (AP7), an NMDA antagonist, did not compete for this site. Kainate and dihydrokainate, an uptake blocker, were also ineffective (data not shown). In contrast, quisqualate was able to compete for these pallidal binding sites in a biphasic manner (Fig. 7) . The high-affinity component had a K, of 58 rfr 50 nM and the low-affinity component had a K, of 36 f 7 FM (n = 3). An average of 47% of the PND 7 pallidal glutamate binding sites was of the high-affinity QA type.
Autoradiography of other ligands
Muscarinic choline& binding in PND 7 GP and CPU was qualitatively similar to that in adult rats. There was very little binding in GP, compared to CPU (autoradiograms not shown).
In addition, the binding of 3H-QNB, 3H-flunitrazepam, and 3H-muscimol to human infant basal ganglia was qualitatively similar to that in adults (Fig. 8) .
Glutamate uptake
In adult rats there is much more uptake of glutamate in CPU than in GP (189.3 f 17.3 pmol glutamate/mg protein/5 min and 46.2 * 12.2 pmol glutamate/mg protein/5 min, respectively; p < 0.0 1 by unpaired t test). At PND 7, however, uptake Figure 3 . Autoradiographs of QH-glutamate binding to rat brains of various ages. A, PND 1; I?, PND 3; C, PND 7; D, PND 14; E, PND 2 1; F, PND 28; G, adult. These autoradiographs were among those used to quantify the developmental changes in pallidal and striatal glutamate binding (Fig. 2) . The buffer was Tris-HCl with 2.5 mM CaCl,. The experiment has been replicated in 3 PND 7 and 3 PND 28 rats with similar results, as described in Results.
in GP was not significantly different from that in CPU, but was 2.4-fold higher than adult values, as shown in Figure 9 .
Discussion
Anatomical and physiological studies have provided compelling evidence for the reorganization of neuronal processes and synapses during postnatal development of the CNS (Cowan, 1973; Purves and Lichtmnn, 1980) . For example, it has been shown that the axons of cortical projection neurons initially send out multiple collaterals, many of which are subsequently eliminated during development (Stanfield, 1984) . Glutamate is the putative neurotransmitter of a variety of corticofugal pathways, including the corticostriate pathway to CPU (Spencer, 1976; Divac et al., 1977; McGeer et al., 1977; Reubi and Cuenod, 1979; . No cerebral cortical projections to the GP of adult mammals have been described and the adult GP does not receive any known glutamatergic input. The involvement of cortical projection neurons in developmental CNS reorganization, together with the association between glutamate and cortical projections, raises the possibility that the glutamatergic system Figure 6 . Autoradiograph of L-SH-glutamate binding to a PND 7 rat brain assaved in 50 mM T&-acetate buffer. Note that the heavv nallidal glutamate-binding seen in 50 mM Tris-HCl containing 2.5 rn& dalcium ion (Figs. 1, 3 ) is not present when binding is assayed in this buffer. Thus, the pallidal binding site appears to be chloride-and/or calciumdependent (see text).
might be similarly involved in such reorganization. In this study, we have examined the development of both pre-and postsynaptic indices of the excitotoxic transmitter glutamate in the basal ganglia of rat and human brains. As a measure of postsynaptic glutamate& function, Na+-independent glutamate receptor binding was studied autoradiographically, as described previously (Greenamyre et al., 1984b (Greenamyre et al., , 1985a . Earlier studies from this laboratory and others have demonstrated an excellent correspondence between the distribution of postsynaptic glutamate binding sites and the projection areas of putative glutamatergic pathways (Greenamyre et al., 1984b; Halpain et al., 1984; Monaghan and Cotman, 1985) . Lesion Figure 5 . Autoradiograph of L-Wglutamate binding to an adult rat brain in Tris-HCl buffer with 2.5 mM CaCl,. Note that binding is much heavier in CPU than in GP. similar to Figure 1A . This autoradiograph indicates that in adult rats there are, in fact, fewer glutamate receptors in GP than in CPU (see text). Therefore, the decrease in pallidal binding observed with 3H-glutamate from PND 7 to adulthood is not an artifact of myelination. studies have also suggested that the Na+-independent glutamate binding sites are postsynaptic, since binding decreases dramatically in the CPU (but not the GP) of Huntington's disease brains (Greenamyre et al., 1985b) , in the striatum (but not the GP) of rats with striatal kainate lesions (unpublished results), and in the cerebellar molecular layer of Purkinje cell-deficient mice (Olson et al., 1985) . The autoradiographic technique is of particular value in this study because binding in GP can easily be distinguished from that in CPU, even in immature rat pups. Thus, there are none of the problems with cross-contamination of tissue samples that can be encountered with microdissection techniques.
In previous studies, we have shown that glutamate binds to multiple receptor classes with very similar affinities, and that saturation isotherms of glutamate binding yield linear Scatchard plots and Hill coefficients of 1 (Greenamyre et al., 1984b (Greenamyre et al., , 1985a . Quisqualate displaces all specific glutamate binding biphasically with K,s for the high-and low-affinity sites that differ 1 OOO-fold (Greenamyre et al., 1984b (Greenamyre et al., , 1985a . The sites with a low affinity for quisqualate appear to be equivalent to the NMDA-sensitive sites. The high-affinity quisqualate binding site is markedly enhanced in the presence of calcium and chloride ions, whereas the low-affinity quisqualate sites (or NMDA sites) are unaffected by these ions (Greenamyre et al., 1985a) . Therefore, binding to the high-affinity quisqualate site is markedly reduced when assayed in Tris-acetate buffer. The calcium-and chloride-enhanced quisqualate-sensitive binding site measured by our assay was not the calcium-and chloride-enhanced, 2-amino-4-phosphonobutyrate (AP4)-sensitive site described in fresh membranes Mena et al., 1982; Werling et al., 1983) . This latter site is destroyed by freezing (Fagg et al., 1983b; Werling et al., 1983) and is not present in cryotome sections of brain. We and others have shown that AP4 has no effect on glutamate binding in frozen tissue sections (Monaghan et al., 1983; Greenamyre et al., 1985a) . In adult rats and humans, there is a paucity of glutamate binding sites in GP relative to CPU (Greenamyre et al., 1984b; Halpain et al., 1984; Monaghan and Cotman, 1985) and there is no known cortical or glutamatergic innervation of GP. However, we have shown here that glutamate binding in rat GP and CPU increased rapidly, in parallel, during the first postnatal week. Thereafter, binding in CPU remained relatively constant at adult levels, but pallidal binding decreased over a period of weeks to its low adult level. Similarly, in human infant GP, glutamate binding was 4-fold higher than that in adult brains.
If glutamate levels in immature GP were lower than in adult GP, it might be argued that there would be less endogenous glutamate to compete with radiolabeled glutamate at receptor sites early during development. Therefore, a selective, developmental increase in pallidal glutamate levels could cause artifically high glutamate binding in GP during the perinatal period. This possibility appears unlikely because glutamate binding in GP of PND 7 pups was not elevated when the binding was assayed in Tris-acetate. Furthermore, although a change in endogenous glutamate levels might cause an apparent change in binding site affinity, it would not change the number of binding sites. Saturation studies indicated that the decrease in pallidal binding during ontogenesis was due to a decrease in B,,, and therefore could not be the result of changes in free glutamate levels.
The low-energy beta particles emitted by tritium are attenuated more by white matter than by gray matter Kuhar and Unnerstall, 1985) . Thus, it might be argued that the increase in pallidal binding in immature rats and humans is simply a reflection of a lack of myelin. If this were the case, it would be expected that the binding ofother ligands would also be increased artifactually early in postnatal development. We have shown, however, that the binding of tritiated QNB, flunitrazepam, and muscimol to human infant GP and CPU was similar to that in adults. We have also examined this issue more directly. In order to investigate whether the decrease in binding after PND 7 was due to increased attenuation of beta particles caused by development of myelin, the binding of 14C-glutamate was examined in adult rats. The beta particles emitted by 14C had greater energy than those emitted by tritium and thus there was very little attenuation by white matter when 14C was used for autoradiography (Kuhar and Unnerstall, 1985) . If the decreased pallidal binding after PND 7 were simply an artifact of II <O.OP Figure 9 . High-affinity synaptosomal glutamate uptake in GP and CPU in PND 7 and adult rats. Uptake studies were performed with homogenized tissue punches from 3 PND 7 and 3 adult rat brains, as described previously (Young et al., 1974) . Uptake was measured simultaneously in tissue from pups and adults. Results are expressed as percentages of adult values. The absolute values of glutamate uptake in adult GP and CPU were 46.2 + 12.2 and 189.3 t 17.3 pmol glutamatejmg protein/5 min, respectively, and in PND 7 GP and CPU were 110.6 + 8.7 and 144.4 + 28.7 pmol glutamate/mgprotein/5 min, respectively. Statistical analysis was by 2-tailed, unpaired t test. beta particle attenuation due to myelination, it would be expected that an autoradiograph of 14C-glutamate binding to adult brain would be similar to an autoradiograph of 'H-glutamate binding to a PND 7 brain. On the contrary, the image produced by glutamate labeled with 14C was similar to the adult pattern produced by tritiated glutamate. Thus, the transient increase and subsequent decrease in binding cannot be accounted for by the development of myelin.
The pallidal glutamate binding site that increases in early postnatal development is dependent upon chloride and/or calcium ions and is not present when binding is assayed in Trisacetate. Chloride-dependent glutamate binding sites were first described by Mena et al. (1982) . However, the site measured in this study was not the chloride-dependent, calcium-enhanced, AP4-sensitive glutamate binding site described in fresh homogenates Werling et al., 1983) . Although quisqualate competition for the chloride-dependent, AP4-sensitive glutamate binding sites is typically biphasic (Fagg et al., 1983a; Nadler et al., 1985) , the AP4-sensitive site is destroyed by freezing (Fagg et al., 1983b; Werling et al., 1983) and is not present in autoradiographic glutamate-binding assays (Monaghan et al., 1983; Greenamyre et al., 1985a) . The pallidal binding site described here did not appear to correspond to the NMDA receptor (Davies et al., 1983) because neither NMDA nor AP7 competed for the binding ofglutamate. Kainate was also inactive at this site, as was the uptake inhibitor dihydrokainate. In contrast, quisqualate was a potent competitor for about 50% of the pallidal glutamate binding sites and had a lower affinity for the remainder of the sites. The high-affinity quisqualate sites appeared to be similar to the neuronal chloride-and calciumdependent, quisqualate-sensitive receptors described on cerebellar Purkinje cells (Greenamyre et al., 1985a; Olson et al., 1985) . Previous work has indicated that in adult brains, the glutamate binding sites that have a low affinity for quisqualate are NMDA receptors (Greenamyre et al., 1985a) . This was not the case in the immature GP, since neither NMDA nor AP7 competed for this site. The pharmacology of the low-affinity sites is unknown; however, it is clear that they do not correspond to NMDA, kainate, or high-affinity quisqualate receptors. It is also unlikely that they represent uptake sites, since the assay was performed at 2°C in the absence of sodium ions, and the uptake inhibitor dihydrokainate did not inhibit binding. It is possible that these pallidal low-affinity quisqualate sites are novel glutamate receptors that are expressed transiently during the development of the GP. The pharmacological profile of these sites is under investigation.
To examine whether there was a concomitant presynaptic correlate to the unusual temporal pattern of binding observed in GP, high-affinity synaptosomal glutamate uptake was examined in adult and PND 7 rats. High-affinity uptake of glutamate into synaptosomal preparations is a commonly used index of the relative density of glutamatergic terminals (Young et al., 1974; Fonnum et al., 1980) . We found that, in adult rats, glutamate uptake was much higher in CPU than in GP, as reported by Fonnum and coworkers (198 1) . This was consistent with the dense glutamatergic innervation of CPu (Spencer, 1976; Divac et al., 1977; McGeer et al., 1977; Reubi and Cuenod, 1979; Young et al., 1983 ) and the lack of such input to GP. In contrast, we found that, in PND 7 rat pups, uptake of glutamate was 240% of the adult level. Thus, at 1 week of age, both preand postsynaptic indices of glutamatergic function were markedly increased over adult levels in rat GP.
These results suggest that there is a previously undescribed transient, glutamatergic innervation of GP during postnatal development in both rats and humans. Dvergsten et al. (1986) recently demonstrated the presence of a transient population of dendritic spines during the perinatal period in the bat entopeduncular nucleus, homologous to the medial GP of primates. This may represent an anatomical correlate of the apparent glutamatergic innervation of GP described during the perinatal period. At present, the source of this innervation is unknown, but the elimination of collaterals of cortical projection neurons during development is a well-described phenomenon (Stanfield, 1984) and many corticofugal pathways are thought to be glutamatergic (Fonnum et al., 1981; Younget al., 1981 Younget al., , 1983 Fagg and Foster, 1983) . Further studies are under way to determine the source of this glutamatergic input. The present study also suggests that the glutamatergic system may be involved in the synaptic reorganization that occurs in the CNS as part of early postnatal development. The factors that control the development and subsequent regression of this innervation have yet to be determined. However, the findings reported here may further the understanding of the functional organization of immature basal ganglia Young, 1983, 1986) . Perhaps the transient neonatal glutamatergic input to GP accounts, in part, for the striking differences between infant and mature motor behaviors.
A glutamatergic innervation of GP may also have implications for the vulnerability of the GP to perinatal hypoxia/ischemia. Glutamate and its analogs are excitotoxins which can produce neuronal lesions reminiscent of human diseases (Fuxe et al., 1983; Olney, 1983) . Transient cerebral ischemia elicits a large increase in extracellular glutamate levels in vivo (Benveniste et al., 1984) . In addition, hypoxia/ischemia depresses high-affinity glutamate uptake (Silverstein et al., 1985) and may therefore prolong the neurotoxic actions of glutamate upon its receptors. In adults, global ischemia often results in preferential damage of cerebral cortex and hippocampus (Brierley and Graham, 1984; Meldrum, 1985) areas rich in receptors for excitatory amino acids (Monaghan et al., 1983; Greenamyre et al., 1984b Greenamyre et al., , 1985a Halpain et al., 1984) . Ischemic damage to adult hippocampal neurons can be blocked by a specific antagonist of the NMDA receptor (Simon et al., 1984) or by transection of glutamatergic afferents to the hippocampus (Wieloch, 1985) , which suggests that this damage is mediated by an endogenous excitotoxin such as glutamate.
Perinatal hypoxia/ischemia frequently causes pathology in the GP (Courville, 1953; Johnston, 1983; Larroche, 1984) and often results in cerebral palsy (Volpe, 1981) . The glutamate binding sites described in this report are sensitive to quisqualate, which has potent excitotoxic effects (Coyle, 1983) . Furthermore, it has been shown that intracerebral injection of quisqualate into PND 7 rat pups causes extensive neuronal necrosis in the GP (Silverstein et al., 1986 , and unpublished observations). Thus, it appears that the quisqualate-sensitive receptors described here are functional and can mediate excitotoxic cell death. The high density of glutamate receptors and glutamatergic terminals in GP during the perinatal period raises the possibility that glutamate neurotoxicity may be involved in the pathogenesis of cerebral palsy, a common outcome of perinatal hypoxia and ischemia.
